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ABSTRACT
Several open questions on galaxy formation and evolution have their roots in the lack of a universal star formation law, that could
univocally link the gas properties, e.g. its density, to the star formation rate (SFR) density. In a recent paper, we used a sample of
nearby disc galaxies to infer the volumetric star formation (VSF) law, a tight correlation between the gas and the SFR volume densities
derived under the assumption of hydrostatic equilibrium for the gas disc. However, due to the dearth of information about the vertical
distribution of the SFR in these galaxies, we could not find a unique slope for the VSF law, but two alternative values. In this paper,
we use the scale height of the SFR density distribution in our Galaxy adopting classical Cepheids (age . 200 Myr) as tracers of star
formation. We show that this latter is fully compatible with the flaring scale height expected from gas in hydrostatic equilibrium.
These scale heights allowed us to convert the observed surface densities of gas and SFR into the corresponding volume densities. Our
results indicate that the VSF law ρSFR ∝ ραgas with α ≈ 2 is valid in the Milky Way as well as in nearby disc galaxies.
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1. Introduction
Sixty years ago, Schmidt (1959) theorised the first star forma-
tion law for the Milky Way (MW): a power-law linking the
star formation rate (SFR) and the atomic gas volume densities
ρSFR ∝ ρnHI. He estimated 2 < n < 3 from the HI and young
stars distributions in our Galaxy. To date, many efforts have gone
into finding a universal relation between gas and SFR densities
among all types of star-forming galaxies. We could divide the
star formation laws proposed in the literature into three main
groups, according to the physical quantities and scales consid-
ered.
The so-called global Schmidt-Kennicutt (SK) law involves
the surface densities of gas (HI+H2; Σgas) and SFR (ΣSFR) av-
eraged over the whole star-forming disc. This correlation was
proposed by Kennicutt (1998) using a sample of regularly star-
forming disc galaxies and starbursts, and it reads ΣSFR ∝ ΣNgas
with N ≈ 1.4. Recently, Kennicutt & Evans (2012) showed that
the MW is compatible with the integrated SK law, while low sur-
face brightness galaxies depart from the relation (see also de los
Reyes & Kennicutt 2019).
For spatially resolved galaxies, it is possible to derive the re-
solved SK law (e.g. Kennicutt 1989; Martin & Kennicutt 2001),
which involves the gas and the SFR surface densities measured
either in kpc or sub-kpc regions, or their radial profiles (i.e. az-
imuthal averages). However, like its integrated version, this cor-
relation seems to break in low density environments, as found by
several authors in dwarf galaxies and the outskirts of spirals (e.g.
Kennicutt et al. 2007; Bolatto et al. 2011; Dessauges-Zavadsky
et al. 2014). This is often ascribed to a drop in the star forma-
tion efficiency at a threshold density of about 10 M pc−2 (e.g.
Schaye 2004; Leroy et al. 2008; Bigiel et al. 2008, 2010); how-
ever the physical explanation for this behaviour is still a matter
of debate (e.g. Krumholz 2014 and references therein). In our
Galaxy, it is unclear whether the index of the resolved SK law is
1.4 (e.g. Fraternali & Tomassetti 2012) or higher (Wong & Blitz
2002; Boissier et al. 2003; Misiriotis et al. 2006), which may be
an indication of the presence of the break (Sofue 2017).
Given that stars are thought to form from cold and dense gas,
the SFR surface density is expected to correlate with the molecu-
lar gas surface density, following some molecular star formation
law. This correlation is observed in high gas density regions of
spiral galaxies, altought its index has not been firmly established
yet. In fact, some authors found a linear correlation (e.g. Bigiel
et al. 2008; Schruba et al. 2011; Marasco et al. 2012), while
others derived an index around 1.4 (e.g. Wong & Blitz 2002;
Heyer et al. 2004; Kennicutt et al. 2007; Liu et al. 2011). In our
Galaxy, Luna et al. (2006) investigated the molecular SK law us-
ing the SFR density traced by the far infrared emission (i.e. dust
heated by massive young stars), finding a power-law with index
of 1.2 ± 0.2. However, Kennicutt & Evans (2012) showed that
the H2 surface density drops faster with radius than the SFR dis-
tribution derived using HII regions (Misiriotis et al. 2006; Sofue
2017). Moving to much smaller spatial scales, Lada et al. (2010)
found a linear correlation between the number of young stellar
objects in Galactic molecular clouds and the mass of dense gas
above an extinction threshold of 0.8 magnitudes in K band, cor-
responding to about 116 M pc−2. The origin of this correlation
is unclear, as it could be a consequence of the scaling relation
between mass and size of molecular clouds (Lada et al. 2013).
In our previous paper (Bacchini et al. 2019, hereafter B19),
we proposed a new volumetric star formation (VSF) law, a tight
correlation between the SFR and the gas (HI+H2) volume densi-
ties derived for a sample of 12 nearby star-forming galaxies. The
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conversion of the observed surface densities into volume densi-
ties requires the knowledge of the gas and SFR scale heights. In
particular, the scale heights of the HI and H2 components were
computed assuming the vertical hydrostatic equilibrium in the
galactic potential. A key feature of this approach is that it takes
into account radial variations of the gas scale height (also called
flaring) and the consequent non-linear conversion between the
observed surface density and the intrinsic volume density (see
also Elmegreen 2015, 2018). In the absence of observational
measurements of the radial variation of the SFR vertical distribu-
tion, we decided to make two extreme assumptions for the SFR
scale height. The first consisted in assuming a constant value for
the entire disc (and the same for all galaxies), while the second
was based on the idea that the SFR scale height is proportional to
that of the most abundant gas phase, whether atomic or molecu-
lar. Clearly, these definitions for the SFR scale height led to two
different radial profiles for the SFR volume density. In both cases
we found a tight power-law relation, but with different indexes,
1.34 ± 0.03 and 1.91 ± 0.03.
In this work, we show that the issue about the SFR scale
height can be overcome in the MW, where the 3D structure of
the tracers of recent star formation can be directly retrieved from
observations, and we assess the validity of the VSF law in our
Galaxy. Sect. 2 describes the model of the gas distribution and
defines the volume densities. Sect. 3 presents the measurements
of the distributions of gas and SFR that we took from the litera-
ture. Then, our results are presented in Sect. 4 and discussed in
Sect. 5. Finally, Sect. 6 summarises the work and draws the main
conclusions.
2. Volume densities
In this paper, we apply to the MW the same approach proposed
in B19 for external galaxies, with the exception of the SFR scale
height. For the sake of clarity, we briefly summarise the adopted
methods in the following.
2.1. Distribution of gas in hydrostatic equilibrium
We assume that the HI and H2 discs are in vertical hydrostatic
equilibrium in the total gravitational potential, which consists
of a dark matter halo, a stellar bulge, a thin and a thick stellar
disc, plus the contribution of the gas self-gravity. In general, for a
given gravitational potential and gas density profile, it is possible
to calculate the scale height of the gaseous component once its
velocity dispersion (σ) is known, assuming that the pressure is
P = ρσ2. Indeed, the density distribution can be written as
ρi(R, z) = ρi(R, 0) exp
−Φ(R, z) − Φ(R, 0)
σ2i
 , (1)
where i stands for HI or H2, ρi(R, 0) is the volume density in the
midplane, and Φ is the total gravitational potential.
We calculate the scale height via numerical integration using
the software Galpynamics1 (Iorio 2018), that uses an iterative
algorithm to account for the gas self-gravity. In pratice, the code
first calculates the external potential plus the contribution of a
razor-thin gas distribution from a given parametric mass model.
A first guess of the scale height is estimated by fitting a Gaussian
profile (e.g. Olling 1995; Koyama & Ostriker 2009) to the gas
distribution resulting from Eq. 1. The scale height (h) is defined
as the standard deviation of such profile. Then, Φ is updated with
1 https://github.com/iogiul/galpynamics
the potential of the new gas distribution, which includes the scale
height found in the previous step, and a second estimate of the
scale height is obtained by the Gaussian fitting. This procedure
is iterated until two successive calculations differ by less than a
given tolerance factor.
Therefore, the necessary ingredients to calculate the scale
heights of HI and H2 are their surface densities and velocity
dispersions (see Sect. 3.1), and a parametric mass model of the
Galaxy components. In particular, we adopted the models for the
stellar and dark matter distributions by McMillan (2011, 2017),
which take into account observational requirements on the kine-
matics of gas, stars, and masers, and on the total mass of the
Galaxy out to 50 kpc.
2.2. Definitions of volume densities
We define the gas volume density in the Galaxy midplane as
ρgas(R, 0) = ρHI(R, 0) + ρH2 (R, 0)
=
ΣHI(R)√
2pihHI(R)
+
ΣH2 (R)√
2pihH2 (R)
, (2)
where ρHI(R, 0) and ρH2 (R, 0) are the volume densities of HI and
H2 in the midplane, and ΣHI(R) and ΣH2 (R) are the corresponding
radial profiles of the surface densities. The last equality in Eq. 2
holds under the assumption of a Gaussian vertical profile for HI
and H2, and hHI and hH2 are the standard deviations of such pro-
files. These latter were calculated using the procedure described
in Sect. 2.1 based on the assumption of hydrostatic equilibrium.
We assumed that the SFR is distributed in a disc with sur-
face density ΣSFR(R) and scale height hSFR(R). Hence, the vol-
ume density of SFR in the miplane is
ρSFR(R, 0) =
ΣSFR(R)√
2pihSFR(R)
. (3)
The main difference with respect to B19 is that, in this work, we
measured hSFR(R) from observations.
3. Data
3.1. Gas distribution and kinematics in the Milky Way
Several works in the literature studied the gas distribution, i.e. its
surface density, volume density, and scale height, in our Galaxy
adopting the kinematic distance method (Westerhout 1957). This
latter relies on an assumed model of the Galactic rotation curve
to transform the line-of-sight velocity into a distance from the
Solar position. The derived distances can then be used to obtain
a full 3D reconstruction of the gas component. This method has
been successfully and widely employed to map the gas densi-
ties in the entire Galaxy, but it is affected by the so-called near-
far problem within the Solar circle (e.g. Burton 1974; Marasco
et al. 2017): the same line-of-sight velocity can be associated
with two opposite distances, one between the observer and the
tangent point, defined as the location where the line-of-sight is
perpendicular to R, and one beyond it.
In this work, we decided to derive the volume densities from
the surface densities in the literature using the scale height calcu-
lated with the hydrostatic equilibrium. This approach allows us
to compare, in a consistent way, the VSF law in the MW with that
obtained in B19. In Appendix A, we discuss the difference be-
tween the volume density and the scale heights estimated in the
literature and those derived using the hydrostatic equilibrium.
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3.1.1. Inside the Solar circle
Marasco et al. (2017) studied the distribution and kinematics of
the gas inside the Solar circle through a novel approach that
models the observed emission of HI and CO, overcoming the
near-far problem. They assumed that the gas is in circular mo-
tion and divided the Galaxy in concentric and co-planar rings
described by rotation velocity, velocity dispersion, scale height,
and miplane volume density. Then, they used a Bayesian method
to fit these four parameters to the HI and the CO line emission
from the Leiden-Argentine-Bonn survey (Kalberla et al. 2005)
and the CO(J=1→0) survey of Dame et al. (2001). This model
also takes into account the extra-planar gas contribution, which
was included as an additional HI component with both radial
and vertical infall motions, and a lagging rotational velocity with
respect to the HI in the midplane2 (see Marasco & Fraternali
2011). Their best-fit model can reproduce in detail the gas dis-
tribution and kinematics of the receding and approaching quad-
rants of the Galaxy. The assumption of pure circular orbits does
not hold though in the innermost 3 kpc, where the bar gravi-
tational potential makes the gas distribution non-axisymmetric
and induces non-circular motions (Binney et al. 1991; Sormani
& Magorrian 2015; Sormani et al. 2015; Armillotta et al. 2019).
We excluded the region R < 3 kpc in this work as also our model
assumes axisymmetry. The profiles of the surface density, the
volume density, and the scale height provided by Marasco et al.
(2017) show three peaks, that could be related to the intersection
of the line of sight with spiral arms, where the density is above
the mean value. Therefore, we smoothed all the profiles, includ-
ing those of the velocity dispersion, from a resolution of 0.2 kpc
to 1.0 kpc (see Appendix A.1).
3.1.2. Beyond the Solar circle
We derived an averaged profile for ΣHI from the measurements
by Binney & Merrifield (1998), Nakanishi & Sofue (2003), and
Levine et al. (2006), who all used the kinematic distance method
but assumed slightly different Galactic rotation curves3. For ex-
ample, Levine et al. (2006) aimed to study the warp of the HI
disc, which is present beyond R ∼ 12 kpc, thus assumed that the
Galaxy circular speed is constant at 220 km s−1for R > R. On
the other hand, Nakanishi & Sofue (2003) adopted the rotation
curve from Dehnen & Binney (1998), which slightly decreases
beyond R. These profiles of ΣHI are approximately in agreement
with the profile by Marasco et al. (2017) in the Solar vicinity
(see Appendix A.1). Similarly, we used the profiles from Binney
& Merrifield (1998) and Nakanishi & Sofue (2006) to calculate
ΣH2 .
Concerning the HI and H2 velocity dispersion, there are no
available measurements of their profiles beyond R, at least to
our knowledge. However, several authors (e.g. Fraternali et al.
2002; Boomsma et al. 2008; Tamburro et al. 2009; Bacchini
et al. 2019) showed that, in nearby spiral galaxies, σHI decreases
2 The extra-planar gas is a faint layer of HI, observed both in the MW
and in nearby galaxies (Fraternali et al. 2001; Oosterloo et al. 2007;
Gentile et al. 2013; Marasco et al. 2019), that is likely generated by
the galactic fountain flow (Fraternali 2017). This component rotates
slower with respect to the midplane gas and reaches heights of a few
kpc above the disc. If not taken into account, the extra-planar gas can
lead to a slight overestimate of the scale height (∼ 20% for our Galaxy;
see Marasco et al. 2017).
3 We did not include Kalberla & Dedes (2008) measurements in the
estimate of our fiducial ΣHI as their density profile is more than a factor
2 higher than the other estimates in the literature (see Appendix A.1).
with radius until it reaches values of about 8 km s−1 and then
remains roughly constant, in agreement with the outermost mea-
surements, i.e. at R, by Marasco et al. (2017). These latter also
estimated σHI/σH2 ≈ 0.5 within R, thus we decided to assign
σHI = 8±2 km s−1 andσH2 = 4±1 km s−1 to all radii beyond R,
which are tipical values for the atomic and the molecular phases
(see Kramer & Randall 2016 and references therein).
3.2. SFR distribution in the MW
The SFR of our Galaxy can be estimated using different tracers
of recent star formation. Chomiuk & Povich (2011) found that
different measurements of the global SFR are consistent with
1.9 ± 0.4 Myr−1, if rescaled to the Kroupa initial mass function
(Kroupa & Weidner 2003) and stellar population models.
3.2.1. SFR surface density
We took as reference the work by Green (2015), who carefully
collected a sample of 69 bright supernova remnants (SNRs)4 in
order to avoid strong selection effects. He derived the radial dis-
tribution of SNRs and found that it is more concetrated towards
the Galactic center with respect to the previous estimate by Case
& Bhattacharya (1998). We derived ΣSFR(R) by normalising the
radial profile of SNR surface density to the total SFR of the MW.
In Appendix B.1, we show that the resulting ΣSFR(R) is com-
patible with other estimates obtained with different tracers and
methods, albeit with a large scatter.
3.2.2. SFR scale height
To reliably measure hSFR(R), we must select a tracer of recent
star formation with accurate distance determination and a sam-
ple that is statistically significant. Therefore, we chose classical
Cepheids (CCs), which are variable stars tipically younger than
∼200 Myr (e.g. Bono et al. 2005; Dékány et al. 2019) whose
distance can be accurately determined thanks to the period-
luminosity relation (e.g. Leavitt & Pickering 1912; Caputo et al.
2000; Ripepi et al. 2018). We note that SNRs and CCs are not
perfectly coeval (age gap 50-100 Myr), but the dynamical pro-
cesses that could modify the distribution of a population of stars
with respect to the parent gas (e.g. radial migration) are effective
on time-scales much longer than this age gap (Sellwood 2014).
Moreover, the stellar discs of star-forming galaxies grow in ra-
dius (inside-out growth) of ∼ 3% in 1 Gyr (Muñoz-Mateos et al.
2011; Pezzulli et al. 2015). Hence, we expect that both SNRs and
CCs well represent the parent gas distribution (see also Fig. B.1
for a comparison between tracers of different ages).
In a recent paper, Chen et al. (2019) collected data for 1339
CCs with distance accurancy of 3-5% from the Wide-field In-
frared Survey Explorer catalogue of periodic variables and from
the Gaia Data Release 2 in order to study the warp of the Galac-
tic disc. They found that the warp seen in the distribution of
CCs is compatible with that determined using pulsars (Yusifov
& Küçük 2004a) and atomic gas (Levine et al. 2006). After sub-
tracting the warp contribution, these authors found evidence of
a flare in the z-distribution of CCs compatible with that traced
by red giant stars (Wang et al. 2018) and HI (Wouterloot et al.
1990) in the MW (see Appendix A.2).
4 In the MW, SNRs can be considered good tracers of recent (. 50
Myr) star formation events as, in Sbc galaxies, the rate of SNe Ia is
∼ 4 − 5 times lower than the rate of SNe II and Ibc (Li et al. 2011).
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We studied the radial profile of the scale height using the
residual z-coordinates, i.e. with the warp removed, of the CCs
provided by Chen et al. (2019) (see Appendix B.2 for details).
Fig. 1 shows the scale height of CCs: we clearly see that there is
a flaring. In particular, the scale height is 100 pc at the Solar po-
sition and increases with radius, reaching about 500 pc at R ≈18
kpc. This is a strong indication that the flaring SFR distribution
is more realistic than that with a constant thickness, allowing
us to disentangle between the two approaches adopted in B19
and choose the flaring hSFR(R) instead of the constant one. In
Appendix B.2, the scale height of CCs is compared to the scale
height of other SFR tracers provided in the literature, which are
in agreement within the uncertainties.
4. Results
4.1. Scale heights of classical Cepheids and gas in
hydrostatic equilibrium
Our first aim is to test the assumption made in B19, where we
conjectured that the SFR scale height could be approximated by
the weighted average of hHI and hH2 calculated with the hydro-
static equilibrium:
hgas(R) = hHI(R) fHI(R) + hH2 (R) fH2 (R) , (4)
where fHI and fH2 are the HI and the H2 fractions with respect to
the total gas.
We derived the vertical distribution of HI and H2 (Eq. 1) as
explained in Sect. 2.1. For consistency, we adopted the mass dis-
tribution for the gaseous components described in the Sect. 3.1
rather than those in McMillan (2017) model. This choice has a
negligible effect on the gravitational potential, as the gas is dy-
namically sub-dominant with respect to the stars and the dark
matter. In Sect. A.2, we compare the scale heights of HI and H2
obtained with the hydrostatic equilibrium with other determina-
tions from previous studies.
In Fig. 1, the red curve shows the scale height of the gas
defined by Eq. 4 and the red band is the associated uncertainty
calculated with Eq. E.7 in B19. Scale height profiles for the CCs
and for the gas are in excellent agreement with each other, sug-
gesting that the definition of hgas(R) adopted in B19 is optimal in
describing the flaring of the SFR vertical distribution.
4.2. VSF laws in the MW
Given the promising result discussed above, we investigated the
location of the MW points on the volumetric correlations found
in B19.
4.2.1. Total gas
In Fig. 2, we show the relations between Σgas and ΣSFR (left
panel) and ρgas and ρSFR (right panel), with the points color-
coded according to the distance from the Galactic Center. We
also include the sample of disc galaxies from B19 (grey points)
in order to show that the MW follows the same trend as external
galaxies. We note that the scatter is large in the surface-based
panel, in particular for Σgas < 10 M pc−2. As shown in B19 (see
left panel of Fig. 5b), a correlation close to ΣSFR ∝ Σ1.4gas is visible
at high densities, but some galaxies, including the MW, seem to
follow a steeper relation with respect to the others.
On the other hand, a different picture emerges from the right
panel, where we can see that the MW volume densities follow re-
markably well the VSF law with slope α = 1.91 (black solid line)
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Fig. 1: Scale height of CCs (data from Chen et al. 2019) as a
function of the Galactocentric radius (black diamonds). The red
curve is the gas scale height (Eq. 4), i.e. the weighted average of
the HI and the H2 scale heights.
and intrinsic scatter σ = 0.12 dex (red band) found in B19 for
nearby galaxies. We recall that ρgas for the MW (Eq. 2) was cal-
culated using the scale heights derived with the hydrostatic equi-
librium, consistently with the analysis done in B19 for nearby
galaxies. Instead, ρSFR for the MW was estimated through Eq. 3
adopting the scale height of CCs, and not with Eq. 4 as done
for external galaxies. We discuss the relevance of this result in
Sect. 5. In Appendix C, we compare, for completeness, the VSF
law in Fig. 2 with the volume density of gas and SFR estimated
using other measurements in the literature.
4.2.2. Atomic gas
In B19, we found that there is a surprisingly tight correlation
with slope between 2.1 and 2.8 involving the atomic gas and
the SFR volume densities. This is different with respect to the
results obtained by other authors using the corresponding surface
densities, that seems to be completely uncorrelated (e.g. Bigiel
et al. 2010; Schruba et al. 2011).
The left panel of Fig. 3 shows the surface densities in the
MW (points colour-coded using R) and in the sample of nearby
disc galaxies of B19 (grey points). The MW is consistent with
the other galaxies also in the plane ΣHI–ΣSFR, as in the case of
total gas, and it is clear that there is very weak or no correlation
between these two quantities.
On the contrary, the right panel shows that the MW volume
densities of atomic gas and SFR correlate, following remarkably
well the VSF law with slope β = 2.79 ± 0.08 found for exter-
nal galaxies. The validity of this relation in the MW confirms
the link between atomic gas and star formation. We discuss this
apparently controversial result in Sect. 5.2.
4.2.3. Molecular gas
The left panel of Fig. 4 shows the surface densities of molecu-
lar gas and SFR in the MW (coloured points) superimposed on
those of the sample of disc galaxies in B19 (grey points). These
latter were derived by Frank et al. (2016) using the CO conver-
sion factor (αCO) measured by Sandstrom et al. (2013), which
varies not only from galaxy to galaxy, but also with the galac-
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Fig. 2: Correlations between the surface density (left) and the volume density (right) of the gas and the SFR in the MW, colour-
coded according to the Galactocentric radius. The squares indicate measurements for R ≤ R from Marasco et al. (2017), while the
circles are for R > R from Binney & Merrifield (1998), Nakanishi & Sofue (2003, 2006), and Levine et al. (2006) (see text). The
grey points are the corresponding quantites for the sample of 12 nearby disc galaxies (see Fig. 5 and Fig. 6 in B19 for the whole
range of densities). The solid line in the right panel is the VSF law from B19 with its intrinsic scatter (red band).
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Fig. 3: Same as Fig. 2 but in this case the gas densities are of the atomic gas only.
tocentric radius. The points of the MW are compatible with the
relation obtained in B19 by fixing the slope to γ = 1, as sug-
gested by several authors (e.g. Wong & Blitz 2002; Kennicutt
et al. 2007; Schruba et al. 2011; Marasco et al. 2012). We note
that the molecular gas is not detected beyond R = 13 kpc, while
ΣSFR is still measured.
Concerning the volume densities, the right panel of Fig. 4
shows that the MW points are compatible with external galax-
ies, given the large errorbars mainly due to the uncertainty on
αCO (see Bolatto et al. 2013). However, as we found in B19, the
scatter of the relation is not significantly improved by the con-
version from surface densities to volume densities. We also note
that, by comparing Fig. 4 with Fig. 2 and Fig. 3, the scatter is
larger in the case of molecular gas densities than in the case of
atomic and total gas.
5. Discussion
5.1. Previous works on star formation laws in the Galaxy and
nearby disc galaxies
Several studies in the literature aimed to find a model of star
formation that could reproduce the radial profile of the SFR in
our Galaxy, given a gas distribution.
For example, Boissier et al. (2003) adopted the Toomre cri-
terion for the stability of galactic discs (Toomre 1964) proposed
by Wang & Silk (1994), in order to account for the contribu-
Article number, page 5 of 13
A&A proofs: manuscript no. mw_vsflaw
1.5 1.0 0.5 0.0 0.5 1.0 1.5
log[ΣH2/(M ¯ pc
−2)]
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
lo
g[
Σ
S
F
R
/(
M
¯
y
r−
1
k
p
c−
2
)]
Surface densities: SFR vs molecular gas
N=1, σ= 0.39
MW (M17)
MW (BM98, NS06)
9 nearby disc galaxies
4.0 3.5 3.0 2.5 2.0 1.5 1.0
log[ρH2/(M ¯ pc
−3)]
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
lo
g[
ρ
S
F
R
/(
M
¯
y
r−
1
k
p
c−
3
)]
Volume densities: SFR vs molecular gas
VSF law
γ= 0.73, σ= 0.37
5
6
7
8
9
10
11
12
13
14
15
R
 (k
pc
)
5
6
7
8
9
10
11
12
13
14
15
R
 (k
pc
)
Fig. 4: Same as Fig. 2 but in this case the gas densities are of the molecular gas only.
tion of the stellar disc. They found that this criterion applies
in the MW, but it has limited success in reproducing the pro-
files of the SFR surface densities in their sample of 16 disc
galaxies. Moreover, the authors investigated the validity of the
classical SK law: ΣSFR ∝ Σngas (Kennicutt 1998) and of two
modified versions, which make use of the galactic orbital time:
ΣSFR ∝ ΣngasVc/R (Ohnishi 1975), and of the stellar surface den-
sity: ΣSFR ∝ Σngas(Σgas + Σ?)m (Dopita & Ryder 1994) 5, respec-
tively. They found that both modified versions of the SK law
work slightly better than the classical relation in both the MW
and the external galaxies, but the scatter remains large. It is in-
teresting to note that both modified SK relations are in some way
included in our VSF law. Indeed, the orbital time and, in partic-
ular, the rotation curve of a galaxy depend on its gravitational
potential, hence including this term in the correlation could par-
tially account for the role of the gravitational pull in shaping the
gas vertical distribution (see Eq. 1). Moreover, the stellar mass
component dominates the gravitational potential in the inner re-
gions of disc galaxies, hence the scale height significantly de-
pends on the stellar distribution.
Our approach is based on the assumption that the vertical
distribution of gas in galaxies is shaped by the hydrostatic equi-
librium. This idea shares similarities with that proposed by Blitz
& Rosolowsky (2006), hereafter BR06. These authors collected
a sample of 14 nearby star-forming galaxies, including both
dwarfs and spirals, and HI-rich and H2-rich galaxies. They found
that the ratio of the molecular to the atomic gas content correlates
with the midplane pressure calculated using the hydrostatic equi-
librium. Therefore, they proposed that this “hydrostatic pres-
sure” regulates the SFR surface density, which has two formu-
lations whether low-pressure (HI-dominated) environments or
high-pressure (H2-dominated) ones are considered. These results
are somewhat different from ours as we do not find two regimes
of star formation, but instead a monotonic relation that encom-
passes HI- and H2-dominated regions. We think that such dif-
ferences may be, at least partially, explained by drawbacks in
5 This formulation is almost equivalent to the so-called extended-
Schmidt law (ΣSFR ∝ ΣgasΣ1/2? ), that was originally proposed by Talbot
& Arnett (1975) and then observationally studied by Shi et al. (2011,
2018) and Roychowdhury et al. (2017).
BR06’s methodology. The most critical is that they neglected
the dark matter component in the mass distribution calculation.
As a consequence, their gravitational force and hydrostatic pres-
sure are significantly underestimated, in particular in the outer
regions of galaxies. Moreover, they ignored the radial gradient
of the circular speed (e.g. Bahcall 1984; Bahcall & Casertano
1984; Olling 1995). This term is not negligible in the inner re-
gions of galaxies, where most star formation takes place, and has
an impact on the correct determination of the hydrostatic pres-
sure. Finally, BR06 assumed that the gas velocity dispersion is
constant with the galactocentric radius at 8 km s−1, which is a
factor 1.5-2 lower than the tipical values in the inner regions of
galaxies (e.g. Fraternali et al. 2002; Boomsma et al. 2008, and
B19).
Recently, Sofue (2017), hereafter S17, used both the volume
densities and the surface densities to study power-law correla-
tions between the SFR and the atomic gas, the molecular gas,
and the total gas in our Galaxy. He found that both the index
and the normalisation of all the power-laws vary with the Galac-
tocentric radius and that all the relations tend to steepen in the
outer regions of the Galaxy (8 kpc < R ≤ 20 kpc) with respect to
the inner regions (0 kpc ≤ R ≤ 8 kpc), suggesting the existence
of a density threshold 6. In agreement with our findings, he ob-
tained that the HI-SFR volume density correlations are steeper
than those involving the total gas ones, which are in turn steeper
than the H2-SFR relations. Despite evident similarities, there are
significant differences between S17’s and our approach, as we
have already discussed in Sect. 3.1 and Appendix A concerning
the gas distribution. In addition, the SFR distribution adopted by
S17 was derived in a previous paper (Sofue & Nakanishi 2017)
using HII regions and adopting the kinematic distance method
to infer their positions in the Galaxy. These authors decided to
convert the surface density of SFR to the volume density using a
constant value for hSFR, as they found that the scale height of HII
regions is ∼ 50 pc within R ≤ 10 kpc, showing clear flaring only
beyond 15 kpc. This result is in contrast with that of Paladini
et al. (2004), who also studied the distribution of HII regions,
and with the measurements of the scale height of other SFR trac-
6 The variation of the index and the normalisation was measured also
on shorter scales by dividing the Galaxy in annulii of 2 kpc width.
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ers (see Appendix B.2). Possibly, the hSFR by Sofue & Nakanishi
(2017) is contaminated by the uncertainties on the distance de-
termination related the kinematic method, that we avoided using
standard candels as CCs. Interestingly, S17 also measured the in-
dex of the power-laws considering the whole radial range, from
0 kpc to 20 kpc, and found 2.01 ± 0.02 for the correlation with
the total gas volume density, 0.7 ± 0.07 for that with the molec-
ular gas only, and 2.29 ± 0.3 for the atomic gas only, which are
roughly consistent with our findings.
5.2. Physical interpretation of the VSF law with total gas
In our VSF law, the SFR volume density is regulated by the
square of the total gas volume density. In the following, we dis-
cuss possible interpretations of this correlation. The first issue
to bear in mind is that the correlations that we found are valid
on ∼kpc scales, but are likely not applicable to a single molec-
ular cloud or filament. Moreover, the exact value of α remains
slightly uncertain.
Our VSF law can be written as
ρSFR ∝ sf
ρgas
τsf
, (5)
where sf is a dimensionless efficiency parameter, usually as-
sumed constant, and τsf is some physically meaningful time-
scale, which is different for different models and can have an
explicit dependence on gas density. A natural time-scale for star
formation may be the free-fall time τff ∝ ρ−1/2gas (e.g. Madore
1977; Krumholz et al. 2012), which implies an index of 1.5.
This is usually invoked to explain the SK relation with slope
1.4, with the implicit assumption of a constant scale height, both
for the gas and the SFR distributions. In this work and in B19,
we showed that these scale heights instead increase with radius,
for the MW as well as nearby disc galaxies (see also Abramova
& Zasov 2008 and Elmegreen 2015, 2018). Moreover, our re-
sults indicate that the slope is closer to ∼ 2 rather than 1.5,
suggesting that another time-scale is driving star formation on
kpc-scales or is involved in the process. Potentially interesting
and physically relevant time-scales are the cooling time of warm
gas (T ≈ 104 K) and the time-scale to reach the equilibrium
between the formation and distruction of H2, as suggested by
Sofue 2017 for example. We note that both these time-scales
are inversely proportional to ρgas (see for example Hollenbach &
McKee 1979; Ciotti & Ostriker 2007; Krumholz 2014), which,
inserted in Eq. 5, would predict a VSF with index 2, in agreement
with our findings.
Leaving aside these considerations about the slope of the
VSF law, it is interesting to qualitatively interpret our results in
the picture of a self-regulating star formation model. Our ρgas is
the highest gas density (i.e. that at the midplane) at which the
pressure-gravity balance holds (see Eq. 1 and Eq. 2). Therefore,
it is probably a good estimate of the gas volume density (av-
eraged on ∼kpc-scale) in star-forming clouds, as suggested by
the small scatter of the VSF law. Turbulent motions are likely
sustained by stellar feedback, whose strenght is expected to be
proportional to the SFR density itself. The higher is the SFR
density per unit volume, the more turbulent pressure helps ther-
mal pressure in contrasting gravity. As a consequence, the gas z-
distribution broadens and the scale height increases, thus the vol-
ume density in the midplane decrease and so does the SFR den-
sity. Then, the pressure support against gravity weakens because
of the reduction of turbulence injection and the gas z-distribution
narrows, increasing the gas volume densities in the midplane
and, consequently, the SFR density. However, the influence of
stellar feedback on the ISM turbulence is still a matter of debate
(e.g. Tamburro et al. 2009; Utomo et al. 2019) and we leave a
detailed analysis of this to future investigations.
The above interpretation is similar to the self-regulating sce-
nario proposed by Ostriker & Shetty (2011), who assumed that
star formation in spiral galaxies is regulated by the pressure sup-
port of gas turbulence against gravity (the radiation pressure may
become dominant in the most extreme starburst regions). Inves-
tigating the compatibility of this model with our results also goes
beyond the scope of this paper.
The unexpected correlation between the SFR and the atomic
gas volume densities suggests that the HI can be a good tracer of
the star-forming gas over a broad range of densities, from dwarf
to spiral galaxies. On the contrary, the scatter in the H2-SFR
relations is large, with no improvement from the conversion of
surface densities to volume densities. In addition, the molecular
gas, which is usually traced using CO emission, is often detected
only in the inner regions of star-forming galaxies (including the
MW). This may seems counter-intuitive, as star formation is ob-
served to occur in molecular clouds. A possible explanation of
the HI-SFR correlation is that molecular clouds form from the
atomic gas and are rapidly swept away by stellar feedback, leav-
ing only the parent atomic gas. Therefore, we could expect to
see the HI-SFR correlation if the timescale for the formation of
a new molecular clouds is longer than the lifetime of star forma-
tion tracers7. In low-density and/or metal-poor regions, the CO
emission likely becomes a bad tracer of the total molecular gas
(H2) (e.g. Schruba et al. 2012; Hunt et al. 2015; Seifried et al.
2017). The existence of a HI-VSF law that extends to these envi-
ronments seems then to indicate that HI can efficiently trace also
the CO-dark H2. Nevertheless, this correlation may also suggest
that the atomic gas has an important, albeit non-trivial, role in
star formation, and that the molecular gas is not always a pre-
requisite to create new stars (Glover & Clark 2012; Krumholz
2012).
6. Summary & conclusions
Star formation laws are undoubtedly of fundamental importance
to understand galaxy formation and evolution. It is generally ac-
knowledged that the formation of stars in galaxies is regulated
by their gas reservoir, but studying the intrinsic distributions of
the gas and the SFR is hampered by the difficulty of measuring
the volume densities in galaxies. The surface densities, observ-
able in external galaxies, are affected by projection effects due to
the flaring of the thickness of gas discs. Therefore, the relation
between the surface density and the volumetric one is non-trivial
and similar values of surface density can be measured where the
volume density is low and the gas disc is thick, or viceversa.
In B19, we used a sample of 12 nearby disc galaxies to de-
rive the volume densities of the gas (HI and H2) from the ob-
served surface densities using the scale height calculated under
the assumption of hydrostatic equilibrium in the galactic gravita-
tional potential. We found that the gas and the SFR volume den-
sities correlate, following a tight power-law relation, the VSF
law, whose index is either ∼1.3 or ∼1.9 depending on whether
7 The time-scale of molecular clouds formation depends on the physi-
cal mechanism that regulates the process. Probably, it is between a few
107 yr and 108 yr, subject to the ISM local conditions (see for exam-
ple McKee & Ostriker 2007). Star formation tracers are characterised
by time-scales that tipically range from a few 106 yr to about 108 yr
(Kennicutt & Evans 2012). Therefore, the comparison between the two
times-scales is very uncertain.
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the scale height of the SFR distribution is assumed to be con-
stant or flaring with the galactocentric radius.
In this work, we investigated the VSF law in our Galaxy us-
ing the same method as for external galaxies, but with a crucial
improvement. We used CCs as tracers of the recent star forma-
tion and thereby directly derived the thickness of their vertical
distribution as a function of the Galactocentric radius. This al-
lowed us to convert the SFR surface density to volume density
and find a unique slope of the VSF law. Our main conclusions
are the following.
1. The vertical distribution of the SFR density flares with the
Galactocentric radius and its scale height is fully compatible
with the scale height of cold gas (HI+H2) calculated assum-
ing the hydrostatic equilibrium.
2. We explored the correlations between the volume density of
the SFR and the volume densities of the total gas, the atomic
gas only, and the molecular gas only, finding that the MW
follows the same relations found in nearby disc galaxies.
3. The VSF law with total gas ρSFR ∝ ραgas is the tightest corre-
lation and α ≈ 2.
We stress that the flaring of gas thickness is significant and
must be taken into account in the studies of gas distribution in
galaxies, not only in dwarfs but also in spirals (see Wilson et al.
2019 for an application to ultra-luminous infrared galaxies). The
VSF law is described by a single index across the whole density
range, which means that there is no volume density threshold
and that the breaks previously observed in the resolved and inte-
grated SK laws are due to the disc flaring, rather than to a drop
of the star formation efficiency (see also Elmegreen 2015, 2018).
A physical interpretation of the VSF law is currently lacking
and we hope that it will stimulate future investigations. Also the
assumption of the hydrostatic equilibrium for the gas in galaxies
should be tested, but measuring the vertical distribution of gas in
galaxies is not an easy task.
Our VSF laws are simple recipes for star formation that could
be included in analytical or semi-analytical models of the forma-
tion and evolution of galaxies. Moreover, the VSF laws could be
easily compared with the correlations between the SFR and the
gas volume densities predicted by numerical simulations of star
formation on small scales, with the advantage of avoiding the 2D
projection to obtain the surface densities involved in the SK law.
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Appendix A: The Milky Way gas distribution
compared with the literature
In the following, we compare the radial profiles of the surface
density, the volume density, and the scale height adopted in this
work with those available in the literature, for the HI, the H2, and
the total gas.
Appendix A.1: Gas surface densities
Fig. A.1 shows the radial profiles of the surface density of the
atomic gas (left), the molecular gas (center) and the total gas
(right) in the MW (all profiles are rescaled to the same value for
R). The black points represent the profiles adopted in this work,
that were calculated using profiles from the literature smoothed
to 1 kpc resolution. For example, at 8 kpc, we used the measure-
ments of the surface density from 7.5 kpc to 8.5 kpc and fitted a
Gaussian distribution to the data (accounting for the errors). The
resulting best-fit Gaussian is centered on the final value for the
density, i.e. the black point at 8 kpc, and its standard deviation is
a first estimate of the error. We adopted the same procedure for
both HI and H2 profiles. These fiducial profiles are compared to
those in the literature, whose reference papers are indicated by
the initials in the legend of Fig. A.1.
Within the Solar circle, we used ΣHI and ΣH2 from Marasco
et al. (2017). The upper errors on ΣHI were estimated from the
standard deviation of the Gaussian, while the lower errors were
found using ΣHI derived in optically thin regime (see Marasco
et al. 2017 for details). This sort of correction was done for con-
sistency with B19, in which we used ΣHI of external galaxies de-
rived under the assumption of 100% optical thin HI. Concering
the molecular gas, we followed Marasco et al. (2017) approach
and associated an error of 30% to ΣH2 based on the uncertainty on
the CO-H2 conversion factor estimated by Bolatto et al. (2013).
Beyond the Solar circle, we adopted ΣHI profiles from Bin-
ney & Merrifield (1998), Nakanishi & Sofue (2003), and Levine
et al. (2006). These authors assumed an opaque regime for the
HI, but did not explore the optically thin case, thus we used the
Gaussian standard deviation for the error. Similarly, ΣH2 (R) was
derived using the estimates by Nakanishi & Sofue (2006) and
Binney & Merrifield (1998) and we associated a 30% uncertainty
based on Bolatto et al. (2013).
The most uncertain profile is probably ΣHI (see Fig. A.1),
while the different estimates of ΣH2 seem approximately compat-
ible. The discrepancies between the HI profiles could be due to
the differences in the assumed rotation curve, that has an impor-
tant effect in the kinematic distance method (see Burton 1974;
Marasco et al. 2017).
Appendix A.2: Gas scale height
There have been several attempts to infer the gas scale height in
our Galaxy directly from the data, and it is interesting to com-
pare these determinations with those we calculated with the hy-
drostatic equilibrium (see Sect. 4.1). These latter are represented
by the black points in Fig. A.2, where the left and the right panel
show respectively the HI and the H2 scale heights.
Despite the very different methods, all the profiles show a
flaring. The scale height of HI in hydrostatic equilibrium is com-
patible with the results of Lockman (1984), Wouterloot et al.
(1990), Levine et al. (2006) and Kalberla & Dedes (2008). This
latter in particular assumed the hydrostatic equilibrium a priori
and modelled the ISM as a two-phases fluid, in which the warm
neutral medium (WNM) and the cold neutral medium (CNM)
have different scale heights. They found that the final model is
close to a single-component medium with constant velocity dis-
persion at 8.3 km s−1, that is similar to the values we adopted for
the HI. This can explain the agreement between the scale heights,
despite the significant differences between the mass models (see
Kalberla et al. 2007).
However, our scale height differs from those derived by
Nakanishi & Sofue (2003)8 and Marasco et al. (2017) by ∼ 50%
(see left panel in Fig. A.2). Nakanishi & Sofue (2003) adopted
the kinematic distance method to measure the HI distribution
and removed the emission of high-altitude and diffuse HI, so a
direct comparison is not straighforward. The discrepancy with
Marasco et al. (2017) scale height deserves further discussions,
as we adopted their velocity dispersion profile to calculate hHI,
hence we expected the scale heights to be compatible within the
uncertainties. There are some possible explanations for this dif-
ference. Marasco et al. (2017) found that HI in the midplane
could be best described by a two-component model, where the
80%-85% of the atomic gas has low velocity dispersion (∼ 8
km s−1), while the remaining has a much higher velocity dis-
persion (15-20 km s−1). Likely, this second component has a
larger scale height than the first one, in which case it could dom-
inate the HI emission above the midplane. The vertical distri-
bution of the gas was instead modelled using a single compo-
nent, thus it is possible that the resulting hHI is closer to the scale
height of the high-σHI component than to that of the low-σHI
one. We adopted the measured velocity dispersion to calculate
the scale height with hydrostatic equilibrium, but this approach
implicitly relies on the assumption that the velocity dispersion is
isotropic and constant along z. However, this latter property may
not be true if the high-σHI component is more abundant than the
low-σHI one at high latitudes above the midplane. Alternatively,
we could speculate that some anisotropic force contributes to
balance the gravitational pull towards the midplane, like mag-
netic tension or cosmic rays for instance. In particular, recent
magneto-hydrodynamical simulations of stratified gas of galax-
ies (e.g. Simpson et al. 2016; Pfrommer et al. 2017) showed that
the anisotropic diffusion of cosmic rays can contribute to the ver-
tical gradient of the gas pressure, but investigating such scenarios
is beyond the aim of this paper.
Fig. A.2 shows that the molecular gas scale height based on
the hydrostatic equilibrium resembles the hH2 by Nakanishi &
Sofue (2006) and Marasco et al. (2017) within the uncertainties.
Also hH2 from Sanders et al. (1984), Grabelsky et al. (1987), and
Wouterloot et al. (1990) are in approximate agreement with our
scale height, while Bronfman et al. (1988) scale height shows
some discrepancies for 3 kpc . R . 8 kpc.
Appendix A.3: Gas volume densities
In Fig. A.3, the black points represent the MW volume density
profiles of atomic gas (left panel), molecular gas (central panel),
and total gas (right panel) calculated with the scale height of
hydrostatic equilibrium. The other points show instead the mea-
surements available in the literature.
Within the Solar radius, our ρHI is systematically higher than
the other estimates, as we expected from the discrepancy found
between the scale heights. However, this difference seems to
be partially accounted for by the errorbars, that were calculated
from the uncertainties on hHI and ΣHI. These latter in particular
8 Nakanishi & Sofue (2003) assumed a sech2 profile for the HI vertical
distribution, so we rescaled their HWHM by a factor 0.8 to obtain the
equivalent quantity for a Gaussian profile.
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Fig. A.1: Surface density radial profiles of the atomic gas (left), the molecular gas (center), and the total gas (right) from the literature
compared to the one adopted in this work (black points). The factor 1.36 for the helium correction is included. In the left panel:
BG78=Burton & Gordon (1978), Wo90=Wouterloot et al. (1990), DL90=Dickey & Lockman (1990), BM98=Binney & Merrifield
(1998), NS03=Nakanishi & Sofue (2003), Le06=Levine et al. (2006), KD08=Kalberla & Dedes (2008), and M17=Marasco et al.
(2017). In the central panel: Sa84=Sanders et al. (1984), Da87=Dame et al. (1987), Gr87=Grabelsky et al. (1987), Br88=Bronfman
et al. (1988), Cl88=Clemens et al. (1988), Di91=Digel (1991), Lu00=Luna et al. (2006), NS06=Nakanishi & Sofue (2006).
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Fig. A.2: Scale height radial profiles of the atomic and molecular gas from the literature (Lo84=Lockman 1984; see caption of
Fig. A.1 for the other initials in the legend) compared to those calculated assuming the hydrostatic equilibrium (black points).
include the difference between the profiles in the literature (be-
yond R) and the uncertainty on the optical regime of atomic gas
(within R), as reported in Sect. A.1. Concering the molecular
gas, our profile for ρH2 (R) is in agreement with the observations
and, given that the gas is mainly molecular within the Solar cir-
cle, also our profile for the total gas is approximately compatible
with all the other determinations.
Appendix B: The Milky Way SFR distribution using
different tracers
In the following, we compare the surface density and the scale
height of the SFR adopted in this work with other profiles avail-
able in the literature.
Appendix B.1: SFR surface density
We adopted the SFR surface density profile derived by Green
(2015) using SNRs to trace the distribution of recent star for-
mation. In the left panel of Fig. B.1, this profile is compared
to others in the literature, all normalised to have a total SFR of
1.9 Myr−1. The discrepancy with Case & Bhattacharya (1998),
who also studied the SNR distribution, was expected (see Green
2015). The adopted ΣSFR(R) is compatible with the profile de-
rived using pulsars (Lyne et al. 1985; Yusifov & Küçük 2004b)
and the far-infrared emission (Misiriotis et al. 2006), except for
the inner 3 kpc that are not included in our study. Green (2015)’s
profile is also compatible with the HII regions radial distribution
(Paladini et al. 2004), except for R ∼ 5 − 6 kpc (see Appendix C
for further discussion).
Appendix B.2: SFR scale height
We studied the radial profile of CCs scale height using the resid-
ual z-coordinate (∆z) provided by Chen et al. (2019) (see their
Fig. 4), for which the signature of the Galactic warp was already
modelled and filtred out. We built radial bins of ∆R = 1 kpc
from R = 5 kpc to R = 19 kpc cointaining enough stars (from
8 to 200 stars) to obtain a reasonable sampling of their vertical
distribution in each bin using the Freedman–Diaconis estimator
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Fig. A.3: Volume density radial profiles of the atomic gas (left), the molecular gas (center), and the total gas (right) from the
literature (Li92=Liszt 1992, KK98=Kalberla & Kerp 1998, NS=HI from Nakanishi & Sofue 2003 and H2 from Nakanishi & Sofue
2006; see caption of Fig. A.1 for the other initials in the legend) compared to the one adopted in this work (black points). The factor
1.36 for the helium correction is included.
(Freedman & Diaconis 1981) implemented in the scipy Python
package (Jones et al. 2001). By analogy with a Gaussian dis-
tribution, we calculated the scale height at each radius, i.e. the
width of the vertical distribution in each bin, as
hCep =
p84 − p16
2
, (B.1)
with p16 and p84 being the 16th and the 84th percentiles of the
distribution in the bin. The uncertainty on this estimate is the
sum in quadrature of two contributions:
∆hCep =
(p50 − p84 + p162
)2
+
(
hCep√
N
)2
1
2
, (B.2)
where p50 and N are respectively the median of the distribution,
i.e. the midplane, and the number of CCs in each bin. The first
term comes from the asymmetry with respect to the midplane
(with the warp contribution already subtracted), while the second
term accounts for the statistical error.
The resulting scale height is shown in Fig. 1 and it is compat-
ible with that reported by Chen et al. (2019), despite the different
definitions adopted. As a further test, we took the catalogue of
CCs by Skowron et al. (2019), who estimated the age of each
star, and selected the youngest population (20 Myr< age ≤ 90
Myr). For this latter, we calculated the scale height and found
that it is compatible with that shown in Fig. 1 for Chen et al.
(2019)’s sample. Moreover, the scale of young CCs is the same
as that estimated by Skowron et al. (2019) for the sample in-
cluding all ages, which indicates that CCs scale height does not
depend significantly on age.
The right panel in Fig. B.1 shows the comparison between
the scale height of CCs (black points) with the scale height of
other tracers of star formation: OB stars (Bronfman et al. 2000;
Li et al. 2019), stellar populations with 1 Gyr < age < 3 Gyr
(Mackereth et al. 2017), and HII regions (Paladini et al. 2004,
Table 4). Mackereth et al. (2017) and Li et al. (2019) assumed
an exponential function to model the vertical profile of young
stars, thus we rescaled their profiles by a factor 1/
√
2 in order to
be comparable with our definition of the scale height, which is
equivalent to the normalised second moment of the distribution.
The presence of the flare is beyond any doubt in all the cases and,
despite the different methods adopted, the profiles are generally
compatible.
Appendix C: VSF law with alternative
determinations from the literature
Here we build the VSF law for the MW using other estimates
of the gas and the SFR volume densities. The aim of this exer-
cise is to demonstrate that the MW is compatible with the VSF
law no matter which measurement we choose or whether the hy-
drostatic equilibrium is assumed. In both panels of Fig. C.1, the
circles show the profile adopted in this work (see Sect. 3.1 and
Sect. 3.2) and are the same as in Fig. 2. In the left panel, the
squares indicate ρSFR calculated using the surface density and the
scale height radial profiles of HII regions provided by Paladini
et al. (2004). The two determinations are well compatible except
for the points at R ∼ 7 kpc, where there is a gap between the
scale height of CCs and that of HII regions, and also the surface
densities are marginally different (see Fig. B.1). The agreement
between the two determinations is remarkable and significantly
consolidates our results.
In the right panel, we show different ρgas taken from the ex-
haustive collection in Kramer & Randall (2016), who provide the
volume densities of the atomic and the molecular gas by Burton
& Gordon (1978) and Nakanishi & Sofue (2003, 2006) (the un-
certainties are unfortunately not available), and from Marasco
et al. (2017). All the points in Fig. C.1 are colour-coded accord-
ing to the Galactocentric radius and the spread in the points with
the same colour, i.e. at the same R, can be interpreted as the un-
certainty on the volume density measurements at that radius. We
also show the volume densities of the sample of galaxies in B19
(grey contours) and the VSF law with slope α = 1.91 ± 0.03.
The MW points are generally compatible with those of nearby
galaxies and the VSF law, although the large scatter makes the
comparison itself uncertain. The MW points derived without us-
ing the assumption of hydrostatic equilibrium seem to suggest
a shallower slope (∼ 1.5) for the VSF law, but again the large
uncertainties do not allow to draw robust conclusions.
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Fig. C.1: Left panel: comparison between ρSFR derived with the surface density of SNRs and the scale height of CCs (circles, same as
Fig. 2) and ρSFR calculated with the surface density and the scale height of HII regions (squares). In both cases, ρgas is calculated with
hydrostatic equilibrium (see Sect. 3.1). Right panel: comparison between ρgas derived with the hydrostatic equilibrium (circles, same
as Fig. 2) and ρgas from different works in the literature (M17=Marasco et al. 2017, BG78=Burton & Gordon 1978, NS=Nakanishi
& Sofue 2003, 2006), all with ρSFR used in this work (see Sect. 3.2). In both panels, the symbols are colour-coded according to the
Galactocentric radius and the solid line and the red band show the VSF law and its intrinsic scatter derived for nearby disc galaxies,
whose volume densities are represented by the grey contours cointaining, from the lightest to the darkest, the 95%, 75%, 50%, and
25% of the points.
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